Abstract-This paper investigates the dynamics and NRRO of a 2.5 HDD by using FEM, modal testing and runout analysis. Most frequency components of NRRO are generated by the defects of ball and rotating race, and they are transmitted to disk through the spindle system. Based on the characterization of NRRO, it proposes the novel design of a spindle motor that can reduce NRRO effectively by inserting a visco-elastic damping material in a transmission path of NRRO, i.e., where the strain energy is highly concentrated.
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I. INTRODUCTION
N ONREPEATABLE runout (NRRO) is one of the main sources to limit high track density, and it has been regulated approximately to 5 percent of a track pitch in the computer hard disk drive (HDD) industry to prevent track misregistration. In the year 2000, magnetic track density is expected to increase up to 25 000 tracks per inch (TPI) and it is getting more and more serious to reduce NRRO in order to achieve higher track density.
Many researchers analyzed the characteristics of NRRO in several ways. Klein [1] developed a technique to measure the radial runout of precision spindles using a capacitance probe, and identified the correlation between NRRO and ball bearing defects. Bouchard et al. [2] compared the various measurement methods of NRRO and analyzed NRRO in ball and fluid bearing spindles. Richter and Talke [3] investigated the relation between the radial and axial NRRO in a 5 disk drive motor in the time and frequency domains. Ono et al. [4] analyzed RRO and NRRO using a Campbell diagram and investigated the statistical characteristics of NRRO. Recently Jang et al. [5] developed a frequency domain method that can easily measure NRRO. Previous researchers mainly focused on the precise measurement and the identification of the source of NRRO. This paper rigorously investigates the dynamics and NRRO of a 2.5 HDD by modal testing, finite element analysis and runout analysis. Based on the characterization of NRRO, it develops a new design of a spindle motor that can reduce NRRO effectively by inserting visco-elastic damping material in the transmission path of NRRO. Publisher Item Identifier S 0018-9464(00)08386-2. 
II. DYNAMICS OF SPINDLE SYSTEM
Dynamics of a spindle system is investigated through the finite element analysis and modal testing. Fig. 1 shows the solid model of a 2.5 HDD with 2 disks to perform finite element analysis. It consists of 29 600 elements, and the base plate is so complicated that it requires 24 300 solid elements. The ball bearing is an inner-race rotating type, and its stiffness and contact angle are determined by A. B. Jones' theory [6] .
Modal testing is performed to validate the finite element model. Fig. 2 shows the frequency response function of a 2.5 HDD while the rotor speed is increased up to 90 Hz in 5 Hz increments. Natural frequencies of finite element analysis agree with the results of modal testing within 5% error. Mode shapes are easily explained by the animation of the finite element model. The first and the second vibration modes are the rocking and the axial modes respectively that are mainly affected by the flexibility of base plate. The third and the fifth modes are the disk mode with one and two nodal diameters, and the fourth mode is the disk mode with the umbrella shape. It shows that mode splits are observed in rocking mode and the disk modes 0018-9464/00$10.00 © 2000 IEEE with nodal diameters, which split their frequencies into the forward and the backward frequencies as the rotor rotates.
III. DESIGN OF NEW SPINDLE MOTOR
NRRO is mainly caused by the defects of ball bearings, and transmitted to the disk through the spindle system as shown in Fig. 3 [1] , [4] , [5] . NRRO may be reduced if damping material is appropriately inserted in the transmission path to isolate or to absorb NRRO. In order to maximize the reduction of the NRRO, it should be inserted in the place that the strain energy is concentrated. Finite element analysis shows that strain energy is highly concentrated on the contact area between the hub and the inner race of the upper bearing or the contact area between the bearing spacer and the outer races of ball bearing, respectively.
Two kinds of spindle motors are prototyped. One has the damping material between the hub and the inner race of the upper bearing as shown in Fig. 4 (a) (Upper Bearing Damping: U.B.D.). The other has the damping material between the outer races and the bearing spacer as shown in Fig. 4 (b) (Bearing Spacer Damping: B.S.D.). This research selects the visco-elastic damping material to maintain the damping effect under the operating temperature of the spindle motor, and its thickness is 0.125 mm to fit in a small space.
IV. ANALYSIS OF NRRO
NRRO of a 2.5 HDD has been measured and analyzed in each case of the spindle motor with no damping, U.B.D. and B.S.D., respectively. Total indicated runout is measured during 128 revolutions, and 128 data points per revolution are sampled by the electrical index signal generated from a motor drive. NRRO is investigated using the frequency domain method [5] . Table I shows the statistical properties of each case and the numerical values in the parentheses are the reduction rate of NRRO. Visco-elastic damping material reduces NRRO in both cases. B.S.D. reduces NRRO more effectively than U.B.D. because the former absorbs the excitation from both upper and lower ball bearings. In the case of B.S.D., the peak to peak value and standard deviation are reduced by 26.6% and 19.8%, respectively. In the inner-race rotating type of ball bearing, the fundamental bearing frequencies are the cage rotational frequency , the rotational frequency of inner race with respect to the cage and the rotational frequency of the ball . They are given as follows from the kinematic analysis of ball bearing [5] :
In the above equations, and are the rotational speed of hub, ball diameter, pitch diameter and contact angle, respectively. The bearing frequencies, due to the defects of each component, are reported as shown in Table II [4] , [5] .
Figs. 5, 6, and 7 show Campbell diagrams of NRRO, while the rotor speed is increased from 65 Hz to 85 Hz by 5 Hz increments. The radius of circles represents the magnitude of NRRO corresponding to the frequency in the -axis. Solid lines in Figs. 5, 6 , and 7 show the vibration modes previously determined by modal testing, and the defect frequencies of ball bearing, respectively. They show that NRRO is magnified when defect frequencies match with the resonance frequencies. They also show that visco-elastic damping material reduces the frequency contents of NRRO. Table III shows the source and magnitude of NRRO in each case of the spindle motors with the operating speed of 70 Hz. The numbers of the first column of Table III are the defect frequencies shown in Figs. 5, 6, and 7. Frequency components of NRRO corresponding to 6, 13, and 15 are not observed in the test speed of 70 Hz. Table III shows that most of the NRRO can be correlated with the defect frequencies in Table II , especially defects of the inner race and ball in this inner-race rotating type of ball bearing. This agrees with the results of previous researchers who claimed that NRRO comes from the ball and the outer race in the outer-race rotating type of spindle motor [5] . This visco-elastic damping material effectively damps out the frequency components of NRRO below 300 Hz, because its loss factor decreases with the increase of frequency over 300 Hz. In this range, U.B.D. reduces the NRRO due to the defect of the inner race effectively because U.B.D. is in the position to damp out the excitation due to inner race directly.
V. CONCLUDING REMARKS
This paper investigates the characteristics of NRRO, and suggests the new design of the spindle motor that can reduce NRRO effectively by inserting visco-elastic damping material in the appropriate position to damp out NRRO. The most effective locations are the contact area between the hub and the inner race of the upper bearing or the contact area between the bearing spacer and the outer races of ball bearings where the strain energy is highly concentrated. By this method, a significant amount of NRRO can be reduced, and eventually it will contribute to the high track density of the hard disk drive.
